Coronary Blood Flow in Experimental Canine Left Ventricular Hypertrophy
hypertrophy the capillary-fiber ratio remained at its normal value of 1:1 so that the mean diffusion distance must have increased; these findings have been confirmed in man.
3 ' 4 Then Linzbach 3 and Woods 5 reported that, although the main coronary arteries increased in diameter in people with LVH, this increase in diameter did not match the increased heart weight. They therefore inferred that in hypertrophy there might be a reduced coronary vascular reserve that might impair cardiac function. However, no one has shown that the increased diffusion distance for oxygen does impair cardiac function nor that coronary vascular reserve is reduced in hypertrophy.
We wished to test another hypothesis that involves myocardial blood flow, one which also fits in with the known vulnerability of the subendocardial muscle to is-VOL. 43, No. 1, JULY 1978 chemic damage. 6 With acquired left ventricular hypertrophy there will be an increase in muscle mass without a comparable increase in coronary vessels. Therefore, to maintain a normal coronary flow per gram of muscle at rest, there would have to be relative coronary vasodilation and a reduced coronary vascular reserve. With stress, maximal coronary vasodilation would occur earlier than normal, especially in subendocardial vessels, and perhaps intermittent subendocardial damage would occur. To test the initial part of this hypothesis we produced left ventricular hypertrophy in dogs by banding the ascending aorta. We then measured total and regional myocardial blood flow and coronary vascular resistance at rest and with maximal coronary vasodilation. In addition, we examined the hearts by microscopy to determine mean fiber diameter and to assess coronary vascular anatomy in different layers of the left ventricle.
Methods
We anesthetized mongrel dogs weighing 25-30 kg with sodium pentobarbital 30 mg/kg, iv. After endotracheal intubation they were ventilated with a Harvard respirator and the chest opened through the 4th left intercostal space. We placed no. 8 polyvinyl catheters into the proximal left subclavian artery through the left internal thoracic artery, the left ventricle through its apex, and the left atrium through its appendage. We then dissected the root of the ascending aorta free from the pulmonary artery, wrapped the aortic root with one-eighth inch Teflon felt and placed a methacrylate cuff with a latex balloon (Robert Jones, Silver Spring, Maryland) around the cloth-covered part of the aorta; the felt was stitched and the balloon tied in place. The lower edges of the felt and the cuff were 15-20 mm above the ostia of the coronary arteries. All catheters and the tubing leading to the balloon were brought out through a stab wound in the midline of the back just caudal to the scapulae and were protected by mesh jackets (Alice Chatham King, Los Angeles, California). We irrigated the left hemithorax and pericardium with saline containing 1 g of ampicillin, then closed the pericardium and the chest, leaving a no. 16 multihole tube for pleural drainage. The dogs were given 400,000 U of procaine penicillin G and 0.5 g of dihydrostreptomycin, im, during surgery and then daily for 7 days. The catheters were flushed biweekly with saline and left filled with heparin, 1000 U/ml. Approximately 1 week after surgery, we inflated the balloon slowly with saline to produce a systolic pressure gradient of about 50 mm Hg between the left ventricle and the aorta distal to the cuff. The pressure gradient was checked weekly and saline added to the balloon as needed to keep the gradient between 50 and 100 mm Hg. We took care not to cause ventricular arrhythmias or elevate the left ventricular end-diastolic pressure above 20 mm Hg during inflation. The dogs were vigorous and well throughout the 5 to 6 weeks from initial surgery to final study and usually gained about 1 kg body weight. Another six dogs had the same operative procedure and implantation of catheters but no balloon was placed around the aorta; these dogs acted as chronic controls.
Finally, six other dogs without previous surgery were studied as acute controls.
Experimental Protocol
We anesthetized the dogs with sodium pentobarbital (30 mg/kg, iv) intubated and ventilated them, and opened the chest through a median sternotomy. In six normal dogs (acute controls) we placed catheters as mentioned above. All dogs had catheters placed in one femoral artery for withdrawal of an arterial reference blood sample and a femoral vein for infusion of drugs. In some dogs a catheter also was put in the right atrium. An electromagnetic flow transducer was placed around the midportion of the left anterior descending coronary artery and connected to an Omnicraft or a Narcomatic flowmeter. The aortic balloons were deflated and no residual pressure gradient was noted. All studies were done with the balloon deflated.
Periodically throughout the study we measured Po 2 , PCO2, and pH and adjusted ventilation or gave sodium bicarbonate to keep a Po 2 of 80 to 100 torr, Pco 2 of 30 to 40 torr, and pH of 7.35 to 7.45. We recorded aortic, right atrial, and left ventricular pressures, and both mean and phasic flow in the left anterior descending coronary artery. Arterial oxygen contents were measured by a carbon monoxide displacement method 7 or calculated from PO2 and hemoglobin; 8 hematocrits also were obtained. To measure regional and total coronary blood flow and cardiac outputs we injected microspheres 9 fim in diameter (3M Company) labeled with   125   I,   141 Ce, 85 Sr, or 46 Sc into the left atrium, simultaneously recording pressures and flows and withdrawing femoral arterial blood as a reference sample for the microsphere calculations. 9 After control measurements had been made, we produced maximal coronary vasodilation (proved by lack of reactive hyperemia after a 15-second occlusion of the coronary artery on which the flow transducer was placed) in several ways: iv infusion of isoproterenol, 1 mg/ml, or adenosine, 3.2 mg/ml, at a rate sufficient to abolish reactive hyperemia, or iv injection of carbochrome (Intensain), 6 mg/kg. With all these maneuvers we measured flows and pressures as in the control state.
At the end of the physiological study, we inserted large bore tubing into the brachiocephalic artery and advanced it to just above the aortic valve. Tapes were placed around the descending aorta, left subclavian artery, and the venae cavae. The coronary arteries were maximally dilated by adenosine infusion. In early experiments we perfused fixative at aortic pressure while the heart was beating but, because this caused arrest at different stages of the cardiac cycle, the later experiments were done after stopping the heart in a dilated state by injecting a large dose of pentobarbital.
The fixative was made by preparing double strength buffer by dissolving 7.4 g KH 2 PO 4 and 32.4 g Na 2 HPO 4 in doubly distilled water, diluting to 1000 ml and adjusting the pH to 7.40. Then 40 g of paraformaldehyde powder were dissolved in 500 ml of doubly distilled water at 60°C in a water bath for 15 minutes. Five hundred milliliters of the paraformaldehyde solution were added to 500 ml of buffer to give a buffer osmolality of 276 mOsm. To the mixture were added 40 g polyvinylpyrrolidinone K-30 (mol. wt. 40,000) and the solution was filtered through no. 1 Whatman paper. Finally, 10 ml of Acrolein were added and the mixture was warmed to 37°C in a water bath before the perfusion.
After perfusion was complete, the heart was excised, washed in fresh buffer, and left overnight in either buffer or fixative. Then it was washed with fresh buffer and pieces of heart about 1 cm 3 in volume were removed from the midportion of the left ventricular free wall, septum, and right ventricle. These pieces were prepared for light microscopy by dehydrating with methanol and then infiltrating with glycol methacrylate by means of solutions A and B from the JB-4 plastic embedding kit (PolySciences, Inc.). The tissue blocks were divided into sections 2 fun thick, and the sections were floated onto glass slides and heated to about 70°C until dry. They were stained with toluidine blue 0 and acid fuchsin or by the periodic acidSchiff stain. Sections from each region of the heart were cut transversely (in the plane of the atrioventricular valve) and longitudinally (in the apex to base plane) in order to obtain cross sections of subendocardial, midmyocardial, and subepicardial muscle. Because it took several experiments to perfect the fixation technique, adequate measurements could be made only in the last four dogs with hypertrophy and the last three control dogs.
The fiber diameters were measured with an ocular micrometer. The proportional volumes of capillaries, larger vessels (arteries and veins combined), and muscle were determined by point-counting techniques. 10 For each dog, 8 to 14 sections were taken from each tissue block; the sections examined were separated by 50-100 fim. With a 100-point ocular grid at 400-fold magnification, we counted the number of points falling on muscle, on or in capillaries, and on or in larger vessels. For every section, 100 points were counted in each of the subendocardial, middle, and subepicardial regions across the full thickness of the ventricular wall. The only selection exercised was to make sure that no very large vessels were in the field and that the tissue examined was well fixed with no tears or shrinkage. Each dog provided from 3600 to 6600 points for each portion of the ventricle (right ventricle, septum, or left ventricle), the variation being random and depending only on the number of adequately fixed sections examined. Comparisons among regions or dogs were done by x 2 tests with the actual number of observed points.
The remainder of the heart then was divided into right and left ventricular free walls and septum. The latter two regions were divided into four layers of about equal thickness from endocardial to epicardial surfaces or from left to right sides, respectively; the right ventricle was divided into two layers of equal thickness. Each of these layers then was subdivided into smaller pieces for ease of counting. The pieces of tissue were counted in a well scintillation counter and pulse height analyzer (Nuclear Chicago), the output of which was put on IBM punch cards and analyzed on an IBM 360 computer. The computer program calculated regional flows and flows per gram in each piece and in the right and left ventricular free walls and the septum; cardiac output also was calculated. The pieces of tissue taken for histology were counted before sectioning so that total flows to the ventricular free walls and septum could be measured.
The flowmeter tracings were calibrated by equating them to the flow to the left ventricle measured simultaneously by the microspheres. The maximal flow in late diastole was measured from the flowmeter tracing, and the minimal diastolic resistance for the whole heart was calculated by dividing this diastolic flow into the simultaneously measured pressure drop between diastolic aortic pressure and left ventricular diastolic pressure. Mean coronary vascular resistance for left ventricle or septum was calculated by dividing the mean pressure drop from aorta to left ventricular end-diastolic pressure by the mean flow in any region. For the right ventricle, the pressure drop was assumed to be 5 mm Hg less than the mean aortic pressure to allow for right ventricular diastolic pressure. Flows and resistances were calculated per gram of tissue in a region. They also were calculated for the whole left ventricle (plus septum) or right ventricle by multiplying the resistance values calculated as above by the ratio of body weight to left or right ventricular weight (see Discussion).
Results
In six dogs the aortic balloon ruptured before 6 weeks of maintained inflation. When this happened we studied the dog within the next 1-3 days before hypertrophy would be expected to regress. The balloon ruptured in one dog at 4 days and he was studied as a control since we thought that hypertrophy would not have had time to develop. These balloons were all 24 mm in diameter. When we used reinforced 20 mm diameter balloons, no further ruptures occurred. In all, nine dogs had chronic supravalvar constriction for enough time for hypertrophy to develop and were studied as described in the protocol. Peak systolic pressure differences across the aortic obstruction varied from dog to dog and from week to week. In all but one dog, these pressure differences were from 40 to 100 mm Hg. The duration of obstruction varied from 12 to 43 days. When the dogs were killed, the cuff and aorta were inspected; neither cuff nor felt encroached on the coronary ostia and the aortic root was not deformed when the balloon was deflated.
Evidence of Hypertrophy
We analyzed the weights of separated right and left ventricles (the latter including the septum) in 75 normal dogs used over the past 8 years, in 60 of which body weight also was known. The regression of left and right ventricular weights and their ratio to body weight were linear and the intercepts of the lines of best fit by the least squares method were not significantly different from the origin. Therefore, the ratios of the weight of each ventricle to body weight or each other were determined for this reference group and for the normal and hypertrophied hearts in the present study (Table 1) ; in all chronic dogs the preoperative body weight was used. There were LV = left ventricle, including septum; RV = right ventricle; BW = body weight; n = number of dogs. * P < 0.05, m 'P < 0.01; "Control" probability is comparison with reference group. "Hypertrophy" probabilities are comparisons with control group. no significant differences between the normal dogs in this study and the reference group except for the LV/RV ratios, and the dogs with aortic constriction had significant differences from the reference group for all three ratios. When the dogs with normal and hypertrophied hearts in the present study were compared, the ventricular-body weight ratios for each ventricle were significantly different.
Further evidence for hypertrophy was obtained by measuring the left ventricular wall thickness midway between base and apex; these data were not obtained in all dogs. In normals this averaged 11.4 mm (standard deviation 1.51, n -9) and in those with hypertrophy it averaged 15.2 mm (SD = 3.83, n = 5); the difference was significant (P < 0.025).
Histological Studies
Neither the normal nor the hypertrophied hearts showed any necrosis, hemorrhage, or fibrosis in any layers of the left ventricle. The larger coronary arteries, those above about 100 jum internal diameter, had slightly thicker walls in the dogs with hypertrophy due entirely to medial hypertrophy.
In three normal and four hypertrophied hearts, we determined the relative cross-sectional areas and volumes of capillaries, large vessels (arteries and veins were pooled) and muscle in the subendocardial, midmyocardial, and subepicardial layers of the left and right ventricles and of the left, middle, and right layers of the septum. The left ventricular-to-body weight ratios were 2.91-4.67 (mean 3.77) g/kg in the three control dogs and 4.27-5.71 (mean 5.27) g/kg in the four dogs with hypertrophy; these were slightly below and slightly above the mean values for their respective groups. There were no significant differences among layers except in two dogs with hypertrophy, one having significantly fewer capillaries in the right ventricular midwall and the other having significantly fewer capillaries in the left ventricular subendocardium. Table 2 , 31.85; 4 d.f, P < 0.01), but on average the two groups did not differ significantly. Although some significant differences were observed, they were not large (Table 2) , and significance was achieved by virtue of the very large number of points counted. In the dogs with hypertrophy, the proportion of capillaries was significantly higher and the proportion of muscle slightly but significantly lower in the left than the right ventricle (x 2 , 61.21; 4 d.f, P < 0.01, Table 2 ). In control dogs there were not enough right ventricular measurements to make comparisons although a similar difference was noted.
In four dogs with hypertrophy the myocardial fiber diameters were 19.1 ± 3.29 fim (mean and standard deviation) which were significantly greater (P < 0.05) than the diameters of 13.95 ± 3.15 fim in four control dogs.
Initial Measurements
Various systemic measurements are shown in Table 3 , and no significant differences were noted for comparisons between the acute and chronic controls nor between the dogs with hypertrophy and the control groups, either separately or pooled, except for left ventricular end-diastolic pressure. Left ventricular total, subendocardial, subepicardial, and maximal diastolic flows per gram were significantly lower and the resistances significantly higher 0.9 n = number of dogs; Ht = hematocrit; PAo = mean aortic pressure; PLVed = left ventricular end-diastolic pressure; LVH = left ventricular hypertrophy; Pooled = combined acute and chronic control groups; "0.01 < P < 0.05; **P < 0.01; both probabilities for differences from LVH.
(or nearly so) in the hypertrophied hearts when compared to the hearts of the acute control dogs but not when compared to the chronic or the pooled control values ( Table 4 ). The free wall of the left ventricle and the ventricular septum had similar values for coronary flows and resistances; the septal values will not be discussed further. Right ventricular flows and resistances per gram were similar in inner and outer halves; values for the whole right ventricle were not significantly different in acute or chronic controls (Table 4) , or when comparing the hearts of dogs with LVH with control (acute or chronic separately or pooled).
Maximal Vasodilation
No differences in coronary vascular resistance were found when comparing adenosine with carbochrome within each group (acute control, chronic control, or hypertrophy) so that these two vasodilators have been pooled for subsequent analysis; in each section of Table  5 there is only one measurement with one of these dilators per dog. The effects of isoproterenol are considered separately.
Left ventricular total, subendocardial, subepicardial, and maximal diastolic flows increased in all groups with all vasodilators (Table 5 ). Subepicardial flow increased significantly more than subendocardial flow in all studies so that the subendocardial-subepicardial flow ratio fell to about 60% of normal; there were no significant differences in the flow ratio with different vasodilators or in different groups. Flows tended to be lower in the chronic than in the acute controls, but the differences were not significant (Table 5A ); these differences were due to the lower pressures in the chronic dogs because the vascular resistances were almost identical in acute and chronic controls (Table  5B ). The flows for the dogs with hypertrophy were for the most part lower than the corresponding flows in either acute or the pooled controls. Of more importance is the fact that, with hypertrophy, all coronary vascular resistances-total, subendocardial, subepicardial, and minimal diastolic-were significantly higher than the corresponding resistances in the acute or chronic controls separately or pooled.
Isoproterenol was used to produce maximal vasodilation only in the chronic controls and the dogs with hypertrophy. Similar left ventricular flows per gram occurred in both groups, but all resistances were higher in the hypertrophied hearts; the differences were significant for all but total resistance. When resistances with isopro- terenol infusions were compared with those after the other vasodilators in the chronic controls, the resistances were significantly higher after isoproterenol for the whole heart and the subepicardial layer and higher, but not significantly different (0.1 < P < 0.2), for the subendocardial layer. In the hypertrophied hearts, all resistances were significantly higher after isoproterenol.
Right ventricular resistances were also higher in the hypertrophied hearts, and the difference was highly significant for vasodilation with adenosine or carbochrome ( Table 6 ). As with the left ventricle, resistances were significantly higher during vasodilation by isoproterenol both in controls and in dogs with LVH.
When resistances for total left ventricle (including the septum) and total right ventricle were calculated and normalized for initial body weight, the resistances for dogs with hypertrophy were still greater than for the normal dogs (Table 7) . However, the differences were less marked for resistances per kilogram body weight than per gram ventricular weight, and fewer differences reached probabilities below 0.10. 
Discussion
Because of the risk of aortic rupture or embolism, we studied the dogs with hypertrophy after 6 weeks, which does not allow time for massive hypertrophy. The left and right ventricular weights per kilogram body weight in our reference and control dogs were similar to those reported by several other groups 11 "
13 (4.18-4.48 g/kg) but significantly less than the 4.7 g/kg reported by Bishop. 14 Since ventricular weight-to-body weight ratios do not vary with body weight, the differences could have been due to breeds of dogs used or else to physiological or pathological hypertrophy in what were regarded as normal dogs in Bishop's study. Our normal right ventricularto-body weight ratios also resembled those reported by all others 11 " 13 except Bishop. 14 The hypertrophied left ventricles in our dogs had higher left ventricular-to-body weight ratios than any of the normal dogs in our or other series but were lower than the ratios reported by Bishop, 14 Malik et al., 12 and Sasayama et al.; 15 the first two described hearts with long-standing hypertrophy, and Sasayama et al. produced much higher left ventricular-toaortic pressure gradients than we did. Nevertheless, our dogs did have increased left ventricular weights and wall thicknesses, as well as wider than normal myocardial fiber diameters. We noted, too, as did Bishop, 14 that the right ventricular-to-body weight ratios were significantly increased in dogs with left ventricular hypertrophy.
Although subendocardial and subepicardial resistances differed during maximal coronary vasodilation, each was almost identical in the acute and chronic control dogs; minimal late diastolic coronary resistance also was similar in the two groups. There were some differences at rest for flows and resistances between these two control Abbreviations as in Table 5 . ' 0.01 < P < 0.05. tO.05<P<0.10.
groups, but these were related to differences in heart rate and blood pressure, probably the consequence of variations in the time for operative preparation of dogs. However, pericardial adhesions and prior thoracotomy did not affect the ability of intra-and extramyocardial coronary arteries to dilate. The regional differences during vasodilation indicate the greater vascular reserve of the subepicardial vessels. Even though the ratio of subendocardial to subepicardial flow per gram fell with vasodilation, this represented excessive subepicardial flow and not reduced subendocardial perfusion. In fact, subendocardial oxygen delivery and flow were normal or above normal at these times.
The most important finding of these experiments was the higher coronary vascular resistance throughout the left ventricular wall in the hearts with hypertrophy. Since this increase also was found for minimal late diastolic resistance, it probably was not due directly to increased myocardial compression in systole. If our dogs with hypertrophy were similar to those studied by Sasayama et al., 15 then the changes of minimal resistance that we observed cannot be explained by increased ventricular volumes or wall tensions, since these were normal in their study.
Part of the increased resistance per gram of heart weight is attributable to the increased tissue mass. However, even when this factor was eliminated by relating resistance to total ventricular flow and body weight (see appendix), there was still an increased resistance in both ventricles in dogs with hypertrophy; in some comparisons this resistance was significant, particularly for minimal resistance in late diastole (Table 7) . One possible cause of the increased minimal vascular resistance may reside in the coronary arteries themselves. We did not find occlusive intimal lesions of the larger coronary arteries but did note thickening of the media of the arteries from 100 to 400 fim in external diameter in the hypertrophied as compared with control dogs. We were unable to quantitate the number of small coronary arteries per unit mass of tissue. However, unless this number increased with hypertrophy for which our volume data provides no support, the increased wall thickness of small coronary arteries in these hypertrophied hearts could have accounted for the elevated minimal resistance of fully dilated vessels. A similar morphological explanation for the increased minimal systemic vascular resistance of hypertensive rats has been documented by Folkow et al. 16 It is also possible that in hypertrophy the diastolic tissue pressures are increased. We have no way, from this study, of separating these effects.
We found no substantial differences in the relative volumes of capillaries, larger vessels, and muscle either in different layers of the ventricular walls or in hypertrophied as compared to normal dogs. Since the proportion of capillaries remained almost constant with hypertrophy, there must have been an absolute increase of capillaries to match the increased ventricular mass. Other studies of experimental hypertrophy have demonstrated an increase in endothelial mitoses 17 ' 18 that fits with the increased quantity of capillaries that we found. In addition, Ljungqvist and Unge 19 noted that rats with supravalvar aortic stenosis for 2 months developed spiralling arteries that might be the anatomic counterpart of the increased resistance noted in our studies. We, however, did not see these in our sections. The fact that the increased resistance occurred in all muscle layers suggests that distortion of deeper veins by the thickened muscle was not a major factor. We did not see the fibrotic areas noted by Ljungqvist and Unge 19 in their rats, nor the acute damage and selective subendocardial hypertrophy noted by Bishop et al. 20 There were significant differences between the increases in resistance caused by isoproterenol as compared to the other vasodilators. These differences were not due entirely to increased compression during systole because they also occurred during late diastole. Possibly they VOL. 43, No. 1, JULY 1978 were related to the smaller ventricular volumes and thus higher intramyocardial pressures 21 with the isoproterenol. This difference could be important clinically because the stress of exercise or anxiety is more likely to resemble the effect of isoproterenol than that of vasodilation with adenosine or carbochrome.
Recently, Marcus et al. 22 studied dogs with renal hypertension while they were conscious and while the hypertension was still present. They also found that with maximal vasodilation the coronary vascular resistance was higher in the dogs with hypertrophy. Despite this agreement with our data, it would not be wise to generalize about other forms of left ventricular hypertrophy. Almost all the studies of coronary flow in left ventricular hypertrophy have used models with supravalvar aortic stenosis or hypertension in which the coronary arteries themselves are exposed to abnormally high pressures. Since the right ventricular resistance also was increased in the dogs with hypertrophy despite the lack of marked pressure overload, the possibility of a direct response of coronary arteries to a high aortic systolic pressure must be considered seriously. The effect of generalized narrowing of the coronary resistance vessels may explain why minimal coronary vascular resistance is almost doubled despite the moderate degree of ventricular hypertrophy in this study.
The increase in flow and decrease in vascular resistance with maximal vasodilation were more marked in the subepicardial than subendocardial layer of the left ventricle. This is in keeping with the hypothesis that, normally, the subendocardial vessels are closer to maximal vasodilation at rest than are the subepicardial vessels, probably because they are perfused for a shorter time during each cardiac cycle. 6 If minimal vascular resistance is increased by hypertrophy to a similar degree in different layers of the left ventricle, as in our studies, then maximal vasodilation at a given myocardial load would not only occur sooner than normal in all layers but would still take place first in the subendocardial muscle. Recently, Holtz et al. 23 banded the ascending aorta in puppies aged 6 weeks and studied them in the conscious state at 1 year of age when the left ventricles were 87% heavier than in controls. They found that subendocardial diastolic coronary resistance during maximal vasodilation was 53% higher in the dogs with hypertrophy. Furthermore, during exercise, there was significantly less increase in subendocardial than subepicardial blood flow.
Even though we found no evidence of ischemia in our studies, it should be noted that we produced vasodilation without any comparable increased myocardial demand for oxygen. It is conceivable, however, that patients with hypertension or supravalvar aortic stenosis could develop episodes of subendocardial ischemia at times of increased myocardial demand if they too have increased minimal coronary vascular resistances. Whether this course differs in the more chronic and often more severe hypertrophy in man, and whether it occurs in other types of hypertrophy, are yet to be determined. What is clear, however, is that any study of coronary blood flow in hypertrophy must take account of the increased minimal resistance that occurs.
Appendix
Comparison of vascular resistances when the size of an organ changes with normal growth or pathological hypertrophy poses methodological problems. Assume that with hypertrophy the left ventricular weight doubles but the coronary vessels are unchanged. Then, at maximal vasodilation and a fixed pressure drop of 100 mm Hg, the hypertrophied left ventricle will have half the flow and double the resistance per gram as compared to the normal ventricle (Table 8, columns 1 and 2) . That the vascular bed has not changed can be shown by calculating total left ventricular resistance as pressure drop divided by total left ventricular flow; the results are the same in the two hearts. If, in addition to hypertrophy, the coronary vascular bed decreases in vessel number or size, then both resistance per gram and per ventricle will increase above normal (column 3).
One complication to this approach is that studies may be done in animals with different body and normal heart weights. In a dog with double the body and heart weight of a control dog, there will be a proportional increase in coronary vascularity and maximal coronary flow; both hearts will have the same minimal coronary vascular resistance per gram, but the resistance per ventricle will be less in the bigger heart (columns 1 and 4). If the left ventricle of the larger dog is hypertrophied but has normal coronary vessels, then resistance per gram will be lower than that in smaller dogs. It thus will be difficult to decide whether the resistance per gram is elevated by growth in heart mass alone, or whether there is added coronary vascular change; the problem is accentuated in column 6. However, if body weight is used to indicate what the normal heart weight and coronary vascular bed should be, then the resistance per kilogram body weight will show whether there is added change in the coronary vascular bed independent of increased heart weight.
